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ABSTRACT: The production of Brazilian shale oil gives rise to 6600 ton/day of a solid
waste of retorted shale, and larger amounts of dolomitic waste rock are generated
during mining. Two vitreous materials were obtained through the melting of different
proportions of these two wastes. By leaching these materials with hydrochloric acid at
90°C, two different kinds of silicas (powder and gel, both amorphous) with specific
surface areas reaching up to ; 420 m2/g were generated. These silicas were further
modified through an Ostwald-ripening type of treatment in ammonium hydroxide
solution at 80°C. The process eliminated almost completely the deleterious micropores.
The obtained silicas were evaluated as reinforcing fillers for SBR-1502. The employ-
ment of one of the modified silicas gave rise to a composite with better mechanical
properties than those displayed by the one with untreated silica. Scanning electronic
microscopic observation disclosed the existence of great morphological differences be-
tween these silicas. Apparently, the aging treatment gave rise to the production of
better anchoring sites for the elastomer molecules. NMR studies also showed the
reduction of the silanol content of the treated silica. The fracture surface of the
composite disclosed a good wetting of this silica by the elastomeric matrix. © 2001 John
Wiley & Sons, Inc. J Appl Polym Sci 81: 2856–2867, 2001
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INTRODUCTION

The process for the production of shale oil (an
alternative raw material similar to petroleum) is

responsible for the generation of large amounts of
solid waste. The retorting of oil shale by Petro-
bras in Brazil produces about 2.4 million tons per
year of retorted shale, a solid waste that repre-
sents about 80 or 90% of the feeding raw material
of the process.1 During the mining step, a dolo-
mitic layer present in the geological formation is
also processed and gives rise to even larger
amounts of waste rock. The disposal of large
amounts of waste poses an environmental and
technical problem. Therefore, it would be highly

Correspondence to: R. C. R. Nunes.
Contract grant sponsors: Ministério de Ciência e Tecnolo-
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desirable to find ways of recycling these materi-
als.

The two wastes produced, the retorted oil shale
(hereafter called RS) and the top fraction of the
dolomitic layer (hereafter called TDL), were used
for the development of glasses and glass ceram-
ics.2 Other researchers have also used similar oil
shale wastes for the same purpose.3,4

However, depending on the composition, the
developed glasses presented a poor chemical du-
rability in different media. Thus, a new focus was
given, devoted to the possibility of the develop-
ment of silicas from these glasses.5 This idea is
based on the theory developed by Huggins et al.6

that accounts for the durability of glasses in ac-
cordance with the number of bridging oxygens in
the network structure by calculating the ratio of
silicon to oxygen atoms. In SiO2, the relation is
maximal 1 : 2, or 0.5. In Na4SiO4, it is 1 : 4, or
0.25. Thus, by introducing cations into the silica
network, the ratio of silicon to oxygen atoms de-
creases. The presence of monovalent cations in
the silica network causes a rupture of the struc-
ture, increased fusibility, decreased viscosity, and
reduced chemical durability and thermal endur-
ance. Hence, a tetrahedral SiO4 unit can either be
bound by all of its oxygen atoms to other silicon
tetrahedra or it may have one, two, or three of its
corners occupied by nonbridging oxygens bound
to other modifying cations. The amount of non-
bridging oxygens affects the polymerization, the
spatial arrangement, and thus also the properties
of glass. The formula developed by Huggins et al.
to account for the Si/O ratio is shown in eq. (1), for
any given composition of glass:

Si/O 5
SiO2/100

molSiO2 O @~MmOn/100!~On/molMmOn!#

(1)

where SiO2 is the weight percentage of SiO2; mol
SiO2 is the molecular weight of SiO2; MmOn is the
weight percentage of each oxide, including SiO2;
mol MmOn is the molecular weight of each oxide;
and On is the number of oxygen atoms in the
oxide.

The great majority of the known technical
glasses that are commercially used are chemically
resistant, because they present solid structures
that are resultant from Si/O ratios . 0.4, corre-
sponding to an average number of bridging oxy-
gens of about 3. Conversely, it is interesting to
note that for an Si/O ratio of 0.286, the number of

bridging oxygen atoms is about 1, and for a ratio
of 0.333 this number is about 2. These are un-
doubtedly extreme limits of connectivity in the
glass network. On the basis of this approach, we
decided to develop the different compositions of
the glasses that could be produced from the men-
tioned wastes. In this work we are synthesizing
glassy materials that possess a low number of
bridging oxygens, precisely in the limits of 1 and
2, which should behave differently when submit-
ted to acid leaching for the development of new
silicas.

Since the early years of the rubber industry,
particulate fillers and pigments were added to
rubber for many reasons. Fillers are used in rub-
ber reinforcement and also to reduce cost, produce
color, increase density, and improve processing.
Reinforcement of rubber is a very important area
of rubber compounding technology, as, for exam-
ple, in the use of fillers in tread and sidewall of
tires used to improve performance and service
life. Carbon black is undoubtedly the most rein-
forcing filler for rubber with regard to the diver-
sity of its physicochemical characteristics as well
as to the level of performance that may be
achieved. However, there is a general trend to
replace carbon black with white mineral fillers,
such as silica. This one, which produces materials
with worse mechanical properties than those pro-
duced with carbon black, has had its use re-
stricted for a long time. Because of a better knowl-
edge of the reinforcement phenomena, it has been
increasingly used in technical goods.

The great disadvantage of using silica instead
of carbon black is its poor interaction with the
polymeric matrix, because of the polar nature of
its fully hydroxylated surface. To overcome this
situation, some organofunctional silane-coupling
agents were employed.7 In some cases, these
silanes appear to equalize the reinforcing ability
of silicas and carbon black, but its widespread use
is limited by cost factors.

In tire applications, synthetic silicas are em-
ployed mainly in the form of precipitated silicas to
act as reinforcing fillers.8 In fact they act as re-
ducing rolling resistance and to improve mileage
and wet traction. The key to the improvements is
in the use of silica instead of carbon black as the
reinforcing filler.9

In applications such as rubber reinforcement,
the organization of the silica structure and the
chemical bond repartition (siloxane bridges and
silanols) are very important factors. To control
and modify these properties, it is necessary to
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study the surface of this material and particularly
to determine the properties of the hydroxyl sites,
which may be classified as single and geminal
silanols.10 To make a distinction between these
sites and the siloxane bridges, it is necessary to
analyze the ability of the surface to interact with
molecular chains. Solid-state nuclear magnetic
resonance (NMR) was used to identify the site
occupancies.11,12

To change silica characteristics and properties,
the Ostwald-ripening process may be used. It af-
fects the amount of hydroxyl groups on the sur-
face because it is driven by differences in surface
energy.13 Different silicon sites may appear and
disappear, mainly as a result of the condensation
of silanols and the rupture of siloxane bridges.
This process is especially important at pH near
9–10 or even higher, where the hydroxide ions
catalyze the dissolution and deposition of silica.14

A distinction between silanols and siloxane
bridges may be achieved through the use the sol-
id-state 29Si-NMR technique coupled with magic
angle spinning (MAS). Quantitative information
may be provided with MAS, calculating the frac-
tional population of silanol sites, fs, defined in eq.
(2)15:

fs 5
geminal 1 single

geminal 1 single 1 siloxane (2)

which is determined through the relative peak
areas of the various signals in the MAS/NMR
spectra.

In this work we are looking for new processes of
producing silica from solid wastes, and for a sim-
ple modification process for these silicas, to im-
prove ultimate failure properties in styrene buta-
diene rubber (SBR) formulations.

MATERIALS AND METHODS

Si/O Ratio Calculation

The Si/O ratios were predicted for all the batches
by using the formula of Huggins et al.6 The ratios
were recalculated after the chemical analysis of
the synthesized glasses.

Glass Production

The two wastes from oil shale processing (RS and
TDL) were individually ball milled and classified
by sieving until all the samples presented a par-

ticle size , 175 mm. After that, appropriate
weights of RS (50 or 20% of the mixture, accord-
ingly with the Si/O ratio intended) and TDL (50 or
80% of the mixture, respectively) were added to a
ball mill (with only a few balls to improve mixing
without producing milling) and mixed for 1 h. The
two mixtures were melted individually in a
graphite crucible (batches of 20 kg) at a constant
temperature of ; 1550°C in an electric induction
furnace for 1 h. The melt was poured into a water
container to prepare a frit, which was subse-
quently dried in an oven at 110°C for 24 h. After
that, the frit was ball milled and classified by
sieving until all the particles presented a size
, 105 mm. The two glasses produced from the
melt of the mixtures 50% RS/50% TDL and 20%
RS/80% TDL were designated G55 and G28, re-
spectively.

Glass Leaching

Batches of 500 g of glass were added to 4 L of 6N
hydrochloric acid, previously stabilized at (90
6 2)°C, in a 6-L Pyrex® glass reactor. The leach-
ing reactions were conducted for 6 h under me-
chanical stirring, as determined by kinetic mea-
surements.16 The leaching of G55 and G28
yielded the silicas S55 and S28, respectively

Washing

After leaching, the reaction medium was cooled
and drained inside a closed system to a vacuum
filter. The silica produced was filtered and rinsed
with distilled water. The process was repeated
once more to eliminate the yellowish coloration of
the solution, which is due to the presence of ferric
ions. The silicas developed from the glasses G55
and G28 as described were designated S55A and
S28A, respectively.

Drying

After processing, the resulting silicas were left to
dry in an oven at 110°C for 24 h.

Milling

The silicas were ball milled for 12 h for reduction
of particle size in a 5.5-L capacity standard labo-
ratory mill in batches of about 3 kg of sample for
a volume of balls of about 1.5 L.

Neutralization

The pH of part of the silicas was adjusted to 7.5 by
potentiometric titration with a diluted ammo-
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nium hydroxide solution under mechanical stir-
ring, yielding the silicas S55N and S28N. The
system was allowed to reach the equilibrium for
1 h in the selected pH.

Aging Treatment

Modification of the silicas S55N and S28N was
performed under an Ostwald-ripening-type pro-
cess, conducted in 2N ammonium hydroxide for
16 days at 80°C in a Pyrex® glass reactor inside a
water bath. These suitable conditions imparted
the greatest structural changes in the silicas and
were selected from a set of experiments previ-
ously performed.17

Washing, Neutralization, and Drying

After aging, the silicas were vacuum filtered and
washed with distilled water. The pH of the silicas
surface was adjusted to 7.5 (as described before),
yielding the silicas S55MN and S28MN after dry-
ing in an oven at 110°C for 24 h. The silicas were
observed in the SEM before and after aging.

Milling

Part of the silicas S55MN and S28MN was ball
milled for 48 h, aiming a further reduction of
particle size. This procedure yielded the silicas
S55MNC and S28MNC.

BET Surface Area

Specific surface area analyses were performed in
a Micromeritics ASAP 2010 instrument following
the BET method.18 The silica samples were
heated to 300°C under vacuum before measure-
ments.

Particle Size Distribution

Samples were dispersed in distilled/demineral-
ized water for analysis in a Micromeritics sedi-
graph 5100 (Stokes law), in the range of 40 to 0.5
mm.

XRD

X-ray diffraction (XRD) analysis was conducted
by the powder method in a Siemens/Bruker AXS
instrument, model D5005, with parallel geometry
and Goebel mirror by using CuKa radiation (l
5 1.54184 Å; 40 kV; 40 mA) and proportional
detector.

NMR Measurements

Solid-state 29Si-NMR experiments were carried
out in a Bruker Avance DRX 300 spectrometer at
7.05 T. MAS was carried out at 5-kHz spinning
rates.

SEM/EDX

Scanning electron microscopy analysis was con-
ducted in a Leica S440 instrument coupled to an
Oxford Link ISIS L300 Energy Dispersive X-ray
(EDX) analyzer operated at 20 kV, using a solid-
state detector with a resolution of 133 eV at 5.9
keV. All samples were sputter coated with gold
under vacuum prior to observation.

Mix Formulation

The materials and additives used in the mixes are
given in Table I: SBR-1502, a styrene butadiene
rubber, containing 22.8% styrene (Petroflex, Bra-
zil); silica Zeosil® 175 used without modification
for comparison (Rhodia, Brazil); zinc oxide (Vetec,
Brazil); stearic acid (Rhos, Brazil; reagent grade);
polyethylene glycol 4000 (Vetec, Brazil; reagent
grade); mineral oil (Irwin, Brazil; reagent grade);
sulfur (Carlo Erba, Brazil); and tetramethyl thiu-
ram disulphide, TMTD (Monsanto). All silicas
were dried at 110°C for 24 h prior to use in SBR
formulations. Mixing was carried out in a two-roll
mill at 50°C, according to ASTM D 3191. The
mixes were designated in accordance with their
type and quantity of silica employed (in phr, parts
per hundred parts of resin). Thus, SBR-S55A/50
stands for a mix with the silica S55A at a concen-
tration level of 50 phr. Optimum cure time at
150°C was obtained from a Monsanto rheometer.
Mixes were vulcanized in a heated press at 150°C

Table I Mixes Formulations

Components phr

SBR-1502 100.0
Silica Variable
Zinc oxide 2.50
Stearic acid 2.00
Poly(ethylene glycol) 4000 2.50
Mineral oil 10.00
Sulfur 2.00
TMTDa 1.00

a Tetramethyl thiuram disulfide.
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and 3.1 MPa. Vulcanizates were conditioned for
24 h, according to ASTM D3182, prior to testing.

Mechanical Testing

Mechanical properties were measured along the
grain direction. Stress–strain data were obtained
from an Instron dynamometer, Model 4204, by
using an ASTM C-type dumbbell specimen, ac-
cording to ASTM D 412. Tensile fractured sur-
faces were observed in the SEM microscope.

RESULTS AND DISCUSSION

The chemical compositions of the wastes, RS and
TDL, and the glasses, G55 and G28, are shown in
Table II. The Si/O ratio calculated for the glasses
and the corresponding number of bridging oxy-
gens are also presented in this table. It is inter-
esting to note the main differences between the
two wastes. RS is rich in silicon and aluminum
oxides, whereas TDL is rich in calcium and mag-
nesium oxides, allowing the Si/O ratio to be con-
trolled through the melt of different proportions
of these two wastes. The Si/O ratio may broadly
be considered as a measure of the polymerization
degree of a glass network.19 As expected, G28
presented a very low number of bridging oxygens.
This suggests that this glassy material would be
less resistant through an acid-leaching process.

In fact, the result was the complete failure of the
network as a consequence of the low number of
bridging oxygens. By this manner, G28 was com-
pletely dissolved and gave rise to a homogeneous
translucent gel of silica S28, which completely
filled the leaching solution volume. The gel ob-
tained presented a yellowish coloration as a result
of the presence of ferric ions. The removal of cat-
ions through washing with distilled water yielded
a colorless gel. The glass G55 has shown a com-
pletely different behavior. The leaching process
did not produce any observable morphological
changes in the silica S55. In accordance with the
Huggins et al. theory, this is a consequence of the
number of bridging oxygens of this glassy mate-
rial, which is about two, indicating the existence
of a sufficient degree of polymerization to hold the
structure together.

The processes of production of silica in aqueous
media (precipitated silica) for the rubber industry
usually involves the acidification of sodium sili-
cate solutions. Differently, with the new process
of production of silica presented, we propose that
interesting results may be achieved through the
control of the leaching kinetics and processing
conditions for the application of the homogeneous
translucent gel in precipitation or in sol-gel-like
processes.

XRD patterns confirmed the noncrystalline na-
ture of the materials obtained after melting. The
silicas developed presented the same behavior
and XRD patterns may be seen in Figure 1. The
process of leaching did not produce any kind of
restructuring or crystallization.

SEM images of the silicas after neutralization
and drying, S55N and S28N, may be seen in Fig-
ure 2(A) and (C), respectively. These silicas are
very different: S55N showed smooth surfaces,
characteristic of brittle fractures of the original
milled glass particles, the shapes of which re-
mained intact after leaching; S28N showed a gel-
type morphology, completely different from the
original glass particles. These results are in per-
fect agreement with the behavior of the glasses
during leaching, as expected from their Si/O ratio.

EDX and chemical analysis confirmed that the
leaching was complete for both silicas, showing a
final composition of 99.9% SiO2. No other than
silicon cations were detected down to the detec-
tion limit of about 0.05% by weight.

The hydrochloric acid was recovered through
atmospheric distillation of the leaching liquor in
quite large proportions, about 75% at a concen-
tration of 4.8N, showing that the recycling pro-

Table II Chemical Composition of the
Wastes and Glasses

Component
RS
(%)

TDL
(%)

G28
(%)

G55
(%)

SiO2 51.5 19.7 40.3 54.3
Al2O3 11.8 1.9 5.2 9.4
Fe2O3 6.3 1.3 1.1 0.35
FeO 1.8 1.9 2.3 0.91
TiO2 0.73 0.10 0.31 0.52
MgO 2.0 14.9 17.3 12.3
CaO 2.8 21.6 28.1 18.5
K2O 3.2 0.24 1.3 2.3
Na2O 1.4 0.27 0.95 1.4
Loss on ignition

(1000°C) 18.4 36.5 — 0.19
Total 99.9 98.4 96.9 100.2
Si/O ratio — — 0.27 0.32
Number of

bridging
oxygens — — ; 1 ; 2
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cess of the acid used in the leaching experiments
is possible and practical. It is also important to
consider that the distillation residue is rich in

calcium and magnesium and may be useful for
agricultural applications. The possibility of reus-
ing the acid without distillation is another option

Figure 1 XRD patterns of the silicas S55A and S28A.

Figure 2 SEM images showing morphology (roughness) of the surface before and
after treatment: (A) S55N; (B) S55MN; (C) S28N; (D) S28MN.
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that may not be discarded, but in this case, each
ion concentration cycle must be evaluated.

The physical characteristics of all silicas em-
ployed with the elastomer may be seen in Table
III. The silicas obtained presented different phys-
ical properties. The acidic forms, S55A and S28A,
presented the highest specific surface areas, and
consequencely, the highest volume of micropores.
After neutralization, the silicas S55N and S28N
presented a pH of 7.5 and only small changes on
the other properties. After the aging treatment,
the silicas were designated as S55MN and
S28MN and presented a great reduction in spe-
cific surface area and in the volume of micropore.
After additional ball milling, the silicas were des-
ignated as S55MNC and S28MNC and presented
mainly a reduction in average particle size. Also
in Table III, the silica Z175 (silica Zeosil® 175),
without any kind of treatment, was used for com-
parison in the rubber. Figure 2 shows the effect
on the morphology (roughness) of the particles
promoted by the Ostwald-ripening treatment.
S55N [Fig. 2(A)] yielded S55MN [Fig. 2(B)], which
does not show any changes produced by the treat-
ment (seen at different magnifications), and S28N
[Fig. 2(C)] yielded S28MN [Fig. 2(D)], exhibiting a
great morphological change (seen at the same
magnification). Ostwald ripening may induce that
kind of effect driven by the differences in solubil-
ity of the silica particles of different curvature
radii. The conditions selected for the process al-
low the existence of concentrations as high as
1000 ppm of silica in the solution or higher, and
the hydroxide ions catalyze the dissolution and
precipitation reactions. Thus, the small primary
particles disappear as a result of having a greater
solubility; in parallel, the larger ones grow at the

expense of the small ones. We must also consider
the great reduction in micropore volumes. Be-
cause these pores are very small regions with
negative radii of curvature, they possess the low-
est solubility relative to the other surfaces of sil-
ica (larger pores, flat surfaces, and particles with
positive radii of curvature) and deposition occurs
predominantly on those places. This accounts for
the reduction of micropore volumes and also the
corresponding specific surface area.

The process is also followed by changes in the
surface silanol concentration, as can be seen in
Table IV, calculated from the spectra presented in
Figure 3 (Gaussian lines were used in curve fit-
ting). Solid-state 29Si-MAS/NMR data showed the
reduction of the fractional population of silanol
sites of the silicas after treatment, S55MN [Fig.
3(B)] and S28MN [Fig. 3(D)]. This probably occurs
as a net result of a greater number of silanol
condensation reactions than siloxane bond break-
age, the same reason that gives rise to the filling
of micropores with silica and the reduction of
specific surface area.

As can be seen in Figure 4, the rheometer
curves indicate that all different types of silica

Table III Physical Characteristics of Silicas

Silica Type
Area

(m2/g)
Micropores
Vol. (mL/g) pH

Density
(g/cm3)

Average Particle
Size (mm)a

S55A 332 0.170 4.0 1.892 5.04
S55N 319 0.167 7.5 1.937 5.04
S55MN 87.5 0.0375 7.5 2.041 5.08
S55MNC 95.3 0.0399 7.5 2.095 2.47
S28A 357 0.140 4.0 2.087 3.21
S28N 344 0.133 7.5 2.121 3.21
S28MN 81 0.0369 7.5 2.181 3.28
S28MNC 86 0.0389 7.5 2.197 2.66
Z175b 186 0.0012 6.0 2.209 , 0.5b

a Calculated by the Sedigraph, except Z175, estimated by SEM.
b Z175, silica Zeosilt 175.

Table IV Fractional Population of Silanol Sites
of the Silicas, fs* Before (N-type silica) and After
(MN-type) the Aging Treatment

Silica fs (%)

S55N 43.53
S55MN 33.59
S28N 44.93
S28MN 37.47
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obtained had a quite marked effect on the rubber-
cure behavior. The physical adsorption activity of
the filler surface is of much greater importance
than its chemical nature for the mechanical prop-
erties of the vulcanizates.20 However, chemical
surface groups play an important role on the rate
of cure with many vulcanizing systems, depend-
ing on the pH level of these groups. Thus, when

acidic fillers are used in compounding with rub-
ber, it is necessary to add neutralizing agents
such as amines or glycols to overcome their retar-
dation effect on the cure rate. Thus, the acidic
forms of the silicas, S55A and S28A, yielded the
worst final materials after rheometry and were
not submitted to mechanical tests. In the mix
SBR-S28A/50, the cure was not attained after the

Figure 3 Solid-state 29Si-MAS/NMR spectra of the silicas before and after treatment:
(A) S55N; (B) S55MN; (C) S28N; (D) S28MN. Chemical shifts are presented in ppm
from tetramethylsilane. Curve fitting was performed using Gaussians.
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end of the experiment time, 30 min. The N, MN,
and MNC types of silica seem to affect cure in a
very similar way, producing vulcanizates in a few
minutes, as can be seen in Figure 4. The simple
neutralization process adopted seems to be very
suitable in achieving cure at a reasonable time.

The physicomechanical properties of the vulca-
nizates may be seen in Table V. The ultimate
failure properties of the vulcanizates SBR-
S55MN/50 and SBR-S55MNC/50 were very simi-
lar to the ones obtained for SBR-S55N/50. It is
also interesting to note that a small reduction in
the average particle size did not affect mechanical
properties in this set. However, the vulcanizates
SBR-S28MN/50 and SBR-S28MNC/50 have
shown an improvement in ultimate failure prop-
erties in comparison with SBR-S28N/50. As dis-
cussed later, in both types of silica systems, S55
and S28, the specific surface areas and the micro-
pore volumes were reduced after the aging treat-
ment. Thus, it may be deduced that the small
improvement in mechanical properties of the vul-

canizates comes from the morphological changes
produced on the surface of the S28MN silica sam-
ple after aging in ammonium hydroxide. It is also
important to remember the small reduction in the
fractional population of silanol sites imparted to
this silica, which may permit a better interaction
between the silica and the polymeric matrix. Fig-
ure 5 shows SEM images of the tensile fractured
surfaces of some SBR mixes. In SBR-S55MN/50, a
great number of debonded silica particles seems
to indicate a poor filler–polymer interaction, as in
SBR-S55N/50 (not shown). In Figure 5(A), on the
left, backscattered electron image, and, on the
right, the same on secondary electron image,
shows through different contrasts the poor inter-
action between the silica S55MN and the poly-
mer. On the right, the SBR-S28MN/50 formula-
tion presented a different behavior, because the
adhesion degree at the interface seems to be bet-
ter than for the SBR-S28N/50 formulation. It is
interesting to correlate this information with the
data presented before. The changes imparted to

Figure 4 Reographs of silica–SBR mixes: (A) and (B), at 50 phr for all silicas; (C) and
(D), at variable concentration of MNC-type silicas.
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the corresponding silica after treatment (S28MN)
gives rise to a structure with higher primary par-
ticles, as shown in Figure 2(D). In parallel, this
also makes the cavities (voids or pores) between
the primary particles larger. The main part of
them may be classified in the range of mesopores
(2–20 nm in diameter) and macropores (20–60
nm in diameter). These are the most frequently
distributed pore sizes in primary aggregates (con-
stituted of primary particles); they are especially
important for rubber reinforcement because of
their strong interaction with polymer molecules
during the mixing procedure in the roll mill, as a
result of strong mechanical forces and tempera-
ture. This structure (voids and pores) formed by
the three-dimensional structure of the silicas has
a great effect on rubber properties. In this case
the changes in structure observed in the S28-type
silica after aging seems to have improved the
performance of the final vulcanizate, because the
treatment gave rise to better anchoring sites for
the elastomer molecules.

The effect of the filler loading also may be seen
in Table V, for the silicas S55MNC and S28MNC.
It is easy to see the better performance exhibited
by the vulcanizates filled with the S28-type silica.
The energy at rupture is generally accepted as the
best single criterion for reinforcement and can be
obtained from the stress–strain curve as the area

between the curve and the elongation axis. Ac-
cording to this criterion, all silicas imparted rein-
forcement to the vulcanizates relative to the un-
filled vulcanizate (SBR-GP). However, looking at
Figure 6, the difference between the two types of
treated silica is evident. The silica S28MNC gave
rise to a higher reinforcement level, reaching a
maximum at about 17 J, for filler loading in the
range of 70 to 90 phr. Beyond this point, a volume
dilution factor may take place (filler acts as di-
luent), and the vulcanizate properties again dete-
riorate, because there not will be enough rubber
matrix to hold the fillers. For the silica S55MNC,
as a result of their lower interaction with the
matrix, it seems that this point was not reached
yet.

CONCLUSION

A new process for the production of silica was
developed. Two different silicas were produced
with different physical properties and nature: one
of a powder type, and the other of a gel type. The
two silica types, S55 (powder type) and S28 (gel
type), seem to behave differently as fillers for SBR
formulations. The aging treatment in ammonium
hydroxide of the powder-type silica did not impart
any improvement on the ultimate failure proper-

Table V Physicomechanical Properties of Vulcanizates

Vulcanizatea

Tensile
Strength

(MPa)

100%
Modulus

(MPa)

Elongation
at Break

(%)

Rupture
Energy

(J)

SBR-GPa 1.22 0.552 413 1.03
SBR-S55A/50 —b — — —
SBR-S55N/50 2.15 0.859 894 3.71
SBR-S55MN/50 2.03 0.903 734 2.93
SBR-S55MNC/30 1.90 0.689 712 2.76
SBR-S55MNC/50 2.43 0.820 799 4.17
SBR-S55MNC/70 2.91 0.954 862 5.02
SBR-S55MNC/90 3.91 1.229 852 7.35
SBR-S28A/50 —b — — —
SBR-S28N/50 3.69 1.11 846 6.35
SBR-S28MN/50 4.21 0.880 1153 7.97
SBR-S28MNC/30 2.72 0.760 738 3.82
SBR-S28MNC/50 4.15 0.847 1167 7.76
SBR-S28MNC/70 6.95 1.095 1431 17.30
SBR-S28MNC/90 6.99 1.329 1322 17.42
SBR-Z175/50 13.87 1.29 1426 25.57

a For each vulcanizate “/XX” means the concentration of the respective silica in phr. SBR-GP,
pure rubber.

b Not tested.
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ties of the SBR vulcanizates (particles remained
debonded). The gel-type silica behaved in a differ-
ent way and after treatment produced materials
with slightly better properties. SEM images
showed unambiguously the great morphological

changes imparted to the gel-type silica as a result
of the aging treatment. This process seems to be a
valuable tool in morphology and physical proper-
ties tailoring. These morphological changes to-
gether with a small reduction in the fractional

Figure 5 SEM images showing tensile fracture surfaces of some silica–SBR formu-
lations: (A) SBR-S55MN/50 observed by backscattered (left) and secondary electrons
(right); (B) SBR-S28N/50; (C) SBR-S28MN/50.

Figure 6 Energy at rupture curves. Filler loading expressed in phr.
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population of silanol sites may be responsible for
the development of better anchoring sites for the
elastomer molecules. In the same way, an im-
proved adhesion degree seems to be supported by
the SEM images shown on the tensile fracture
surfaces (particles seem to be wetted). As the
aging treatment is very simple and almost cost-
less, it seems to be promising for the modification
of the surface properties of silicas, and further
studies are in progress aiming to evaluate new
materials with the partial replacement of high-
cost commercial silicas in the vulcanizates.
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